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I. Introduction

Despite more than a decade of intensive research on the topic ot
short-term memory (STM), we still know virtually nothing about
its role in normal human information processing. That is not, of
course, to say that the issue has completely been neglected. The
short-term store (STS)—the hypothetical memory system which is
assumed to be responsible for performance in tasks involving short-
term memory paradigms (Atkinson & Shiffrin, 1968)—has been as-
signed a crucial role in the performance of a wide range of tasks
including problem solving (Hunter, 1964), language comprehension
(Rumelhart, Lindsay, & Norman, 1972) and most notably, long-term
learning (Atkinson & Shiffrin, 1968; Waugh & Norman, 1965). Per-
haps the most cogent case for the central importance of STS in gen-
eral information processing is that of Atkinson and Shiffrin (1971)
who attribute to STS the role of a controlling executive system
responsible for coordinating and monitoring the many and complex
subroutines that are responsible for both acquiring new material
and retrieving old. However, despite the frequency with which STS

1 Present address: Medical Research Council. Applied Psychology Unit, 15 Chaucer
Road, Cambridge, England.
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has been assigned this role as an opergtional or working memory,
the empirical evidence for such a view is remarkably sparse. .
A number of studies have shown that the process of learning an
recall does make demands on the subject’s gener_al processing cg-
pacity, as reflected by his performance on some simultaneous sub-
sidiary task, such as card sorting (Mur(;lock, 1965), trau:lul.lf%i }Il)e;;
formance (Martin, 1970), or reacuion time (]ohnst.on., Qr1 t
Wagstaff, 1972). However, attempts to show that the limitation stemg
from the characteristics of the working memory systerm have proves
Jess successful. Coltheart (1972) attempted to.stu.dy'the_ role of S’I}'l
in concept formation by means of the acoustic sxm_llarlty effect, the
tendency for STM to be disrupted when the mjate.rlal to be Eemehm-
bered comprises items that are phonemically similar to each other
(Baddeley, 1966b; Conrad, 1962). She contrasted the eﬂe.ct of ac.;)us.tlF
similarity on concept formation with that of semantic 51m119a6réty,
which typically effects L'TM rather than STM (Baddeley, allzs
Unfortunately for the working memory hypothe&_s, her. resu i
showed clear evidence of semantic rather than acoustic codm%, suo(7
gesting that the long-term store (LTS) ratlljer than STS was playing
ajor role in her concept formation task. ‘
) r;’la]tterson (1971) tested }zhe hypothes.is that STS p!ays.the 1mp0r(i
tant role in retrieval of holding the retrieval plan, which is then u;(;]
to access the material to be recalled (Rumelhart cft.al.," 1972). She
attempted to disrupt such retrieval plans by requiring ber ei]xpteerr;
mental group to count backwards for 20 seconds following eac 1559
recalled. On the basis of the results of Peterson: anc} Peterson ( ),
it was assumed that this would effectively erase 1_nformat10n fr(.)nlll
STS after each recall. Despite this rather drastic mterfe_rencedwu
the normal functioning of STS however, there was no reliable decre-
in the number of words recalled. .
mérfll%l;nr;ost devastating evidence against the hypothesis that S"{;S
serves as a crucially important working memory CcOmes ;rolrln t ;
neuropsychological work of Shallice anq Warrington (S' aatlc:: .
Warrington, 1970; Warrington & S_halhce, 1969; V\/?rrmol(]) 5
Weiskrantz, 1972). They have extensively §tudled a patient w g. );
all normal standards, has a grossly defective S.TS. He has a digt
span of only two items, and shows grossly impaired Perfo:imfancet'g?l
the Peterson short-term forgetting task. If STS does mde'e unc t1 "
as a central working memory, then one would expect th;ls patien -
exhibit grossly defective learning, memory, and compre ek:l.smn.e o
such evidence of general impairment is found either in this cas
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in subsequent cases of a similar type (Warrington, Logue, & Pratt,
1971).

It appears then, that STS constitutes a system for which great
claims have been made by many workers (including the present
authors), for which there 1s little good evidence.

The experiments which follow attempt to answer two basic ques-
tions: first, is there any evidence that the tasks of reasoning, com-
prehension, and learning share a common working memory system?;
and secondly, if such a system exists, how is it related to our current
conception of STM? We do not claim to be presenting a novel view
of STM in this chapter. Rather, our aim is to present a body of new
experimental evidence which provides a firm basis for the working
memory hypothesis. The account which follows should therefore be
regarded essentially as a progress report on an on-going project. The
reader will notice obvious gaps where further experiments clearly
need to be performed, and it 1s more than probable that such ex-
periments will modify to a greater or lesser degree our current
tentative theoretical position. We hope, however, that the reader will
agree that we do have enough information to draw some reasonably
firm conclusions, and will feel that a report of work in progress is
not too out of place in a volume of this kind.

II. The Search for a Common Working Memory System

The section which follows describes a series of experiments on
the role of memory in reasoning, language comprehension, and
learning. An attempt is made to apply comparable techniques in all
three cases in the hope that this will allow a common pattern to
emerge, if the same working memory system is operative in all three
instances.

In attempting to assess the role of memory in any task, one is faced
with a fundamental problem. What is meant by STS? Despite, or
perhaps because of, the vast amount of research on the character-
istics of STS there 1s still little general agreement. If our subsequent
work were to depend on a generally acceptable definition of STS
as a prerequisite for further research, such research would never
begin. We suspect that this absence of unanimity stems from the
fact that evidence for STS comes from two basically dissimilar para-
digms. The first is based on the traditional memory span task. It
suggests that STS is limited in capacity, is concerned with the re-
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tention of order information, and 1s closely associated with the
processing of speech. The second cluster of evidence derives from
the recency effect in free recall. It also suggests that STS is limited
in capacity; however, its other dominant feature is its apparent re-
sistence to the effects of other variables, whether semantic or speech-
based (Glanzer, 1972). Rather than try to resolve these apparent
discrepancies, we decided to begin by studying the one characteristic
that both approaches to STS agreed on, namely its limited capacity.
The technique adopted was to require § to retain one or more items
while performing the task of reasoning, language comprehension,
or learning. Such a concurrent memory load might reasonably be
expected to absorb some of the storage capacity of a limited capacity
working memory system, should such a system exist. The first set
of experiments describes the application of this technique to the
study of a reasoning task. To anticipate our results, we find a con-
sistent pattern of additional memory load eftects on all three tasks
that we have studied: reasoning, language comprehension, and free
recall. Additionally, all three tasks show evidence of phonemic cod-
ing. From this evidence we infer that each of the tasks involves a
spanlike component, which we refer to as working memory. Further
evidence from the free recall paradigm shows that the recency effect
is neither disrupted by an additional memory span task nor par-
ticularly associated with phonemic coding. We therefore suggest a
dichotomy between working memory and the recency effect, in con-
trast to the more usual view that both recency and the memory span
reflect a single limited capacity short-term buffer store (STS).

A. The ROLE OF WORKING MEMORY IN REASONING

The reasoning task selected was that devised by Baddeley (1968)
in which § is presented with a sentence purporting to describe the
order of occurrence of two letters. The sentence is followed by the
letters in question, and §'s task is to decide as quickly as possible
whether the sentence correctly describes the order in which the
letters are presented. For example, he may be given the sentence A is
not preceded by B-AB, in which case he should respond True. A
range of different sentences can be produced varying as to whether
they are active or passive, positive or negative, and whether the
word precedes or follows is used. This task is typical of a wide range
of sentence verification tasks studied in recent years (Wason &
Johnson-Laird, 1972). Its claim to be a reasoning task of some general
validity is supported by the correlation between performance and
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ig;iltl;c?{e;fg gBad(;ltleley, 1968) and its sensitivity to both environ-
enta %“y.“pee -load stress (Baddeley, De Figuredo, Hawkswell-
o ei),(ierinil iams, 19-68; B‘rown, Tickner, & Simmonds, 1969). The
e h[())ld. ent requires S to perform this simple reasoning task

Ing zero, one, or two items in memory. If the task relies

on a ll‘nllted CapaClty S Sle“l, [h g P
y
€n orne mi ht expect tlle addltl()“a
lcad to i ],Fai ] o f N 2 1

I. Experiment 1: Effects of a One- or Two-Item Preload
bleSuci())Jne]cbtisni:teii(r)ensrecc)lfiiired to process 32 sentences based on all possi-
(afhirmative or negatijz;nfiifteh ‘i?zilcii:e ((Eicme Orf i)a;Sin’ B
e e , rue or false), verb type (pre-
¢ Versspornf(())lfl(iw}::);;éir;i letier order (AB or BA). The experimye}nt ii)seed
2 Version of the remei;?) preIl{oad. technique i_n which § 1s given one
O s o rem gr.d He 1S t,f,ien required to process the sen-
tence and hs leferg pApnl.c(z1 Tr.ue or “False,” he is then required
tences, each of i»‘hie!i rZriiaeiniiiOJ:iCsti%rlewas tl'llseSd reed the “Tpae:
enges, ea ' s until S pressed the “True”
o Oizeer riels;)‘(zpiehke});. leenty—foui nndergTaduate Ss were tested.
tcrmined by & Larta s uz ti}ee conditions were presented were de-
e o L Otp ‘rle.l or half the Ss the preload was presented
visu loéd e Siei 121 f was given an aiiditory preload. In the
the preseniation Of, [hxgass always presented with a single letter before
p neititence: However, the letter was the same
o @ rials, and 3 s not required to recnll 1t subsequently. With
wo-letter loads, the letters differed from trial to trial

but were nev
er the same as thos i
. e used in th T
All Ss were informed of this. ¢ reasoning problem.

TABLE 1

Mean T
. IME (sEc) To CoMPLETE VERBAL REASONING PROBLEMS
as a Funcrion £M0
cripr\ oF Sizé oF AppiTiIoNaL MEMORY LOAD AND
MEeTHOD OF REaDING MeMORY ITEMS

Memory load

Method of reading Zero 1-letter 2-letters
Silent 3.07 3.35 3.21
Aloud 3.33 3.26 3-41

Means 3.20 3.31 3.31
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The results are shown in Table 1. There was no rehakll)lelegg o
memory load on solution time regardless of whethj:jr. t '61 o(F b
sented visually or auditorily
one or two letters, and was pre iy -
in each case). Since letter recall was almost always pelrf.ect, it aPt;;l e
- itl tems wl
d up to two additional 1
to be the case that Ss can hol ( o
impairment in their reasoning speed. This result sugg@sts ;)nféloifn "
. volve -
conclusions; either that the type of mhemory sy_s_rtlemtalsrll 0Or o
ini 1 t to the reasoning ,
taining the letters 1s not relev?n : ' c thet
a loadoof two items 1s not sufficient to overtax the systemt.) Egggeasma
I1 attempts to decide between these two hypotbeses y i crea thoe
the preload from two to siX letters, a load which approa

memory span for many Ss.

2. Experiment II: Effects of a Six-Digit Preload

. . - A
Performance on the 39 sentences was studied with al;ld \gihl;)utan
. iti ch trial beg
' the preload condition €& ga
six-letter memory preload. In Rl
1 “ » qignal followed by a random sequ
with a verbal “ready’ signa wence of 5%
letters spoken at a rate of one per second. The reasomngdprrnﬁhOd
followed immediately afterwards, details of presenta}t\lgm anowina o
of responding being the same as n Expenmentll. : te;spo%ibDle '
) 1] verbally as many letters S
ttempted to recall ver y s p
o e > itl he reasoning problem
tro} condition, the g P!
the correct order. In the con litior R
followed immediately after the “‘ready sng.nal. After c?mplgble?n X
problem and before being presented with the nextdpr 1 T,his
’ ecalled it 1 iately.
i ix ce and recalled it imme
listened to a six-letter sequen ( nmediatey oy
i e load during reasoning, gt
rocedure varies the storage g reas . sy
Ie)quates the two conditions for total memorization required during
the session. . o Con
Separate blocks of 32 trials were used for presentitlg thle t\\(())rder
it block containing the 39 sentences in random .
o s began n - ion and half with the pre-
Half the Ss began with the control condition an R
ition. Two groups of 12 undergraduate Ss were tested.
load condition. Two groups ¢ ' e e, The first
two groups differed in the instructions they were g 1;3 b iy
- out the reasoning fask as
| stress) was told to carry ou y
Broup e, 1 1 and to attempt to reca
] istent with high accuracy,
as possible, consisten g TP o told
i ¢ second group (memory ;
all six letters correctly. The g ' Lo
1ld their reasoning
if thei completely correct cot
that only if their recall was o . casonrs
time be scored; subject to this proviso, }thez} were told t:u ason o
1 i 1 cy. All .
i / sistent with high accuracs
rapidly as they could, consist ] . ere
cigen Ya preliminary three-minute practice session on a sh
?easonincr problems, and were tested individually.
=]
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TABLE 11

MEean REeasoning TiMEs aAND REcaLL Scores FOR THE “‘EqQuar STRESS”
AND “MEMORY STREss” InsTrRucTIONAL GROUPS

Mean reasoning time Mean no. items recalled

(sec) (max = 6)
Instructional Memory Memory
emphasis Control preload Control preload
“Equal stress” 3.27 3.46 5.5 3.7
“Memory stress”’ 2.73 4.73 5.8 5.0

Mean reasoning times (for correct solutions) and recall scores for
both groups of subjects are shown in Table IL For the “equal stress”
Ss memory load produced a slight but nonsignificant slowing down
in reasoning time (on a Wilcoxon test, T = 31, N = 12, P > 05),
while for the “memory stress” Ss memory load slowed down reason-
ing considerably (T = 4, N = 12, P < .01). There appears to have
been a trade-off between reasoning and recall in the memory load
condition. The equal stress Ss achieved their unimpaired reasoning
at the expense of very poor recall compared with that of the memory
stress Ss.

The results show then, that there is an interaction between ad-
ditional short-term storage load and reasoning performance. In com-
parison with the results of Experiment I these suggest that the inter-
action depends on the storage load since, up to two items can be
recalled accurately with no detectable effect. Thus the reasoning task
does not seem to require all the available short-term storage space.
The results show additionally that the form of the interaction de-
pends on the instructional emphasis given to S. It seems likely there-
fore that interference was the result of the active strategy that Ss
employed. One possibility is that the “memory stress’” Ss dealt with
the memory preload by quickly rehearsing the items, to “consoli-
date” them in memory before starting the reasoning problem. If this
were the case, then reasoning times ought to be slowed by a constant
amount (the time spent rehearsing the letters), regardless of problem
complexity. Figure 1 shows mean reasoning time for the memory
stress group for different types of sentence. Control reaction times
(RTs) show that problems expressed as passives were more difficult
than those expressed as actives, and that negative forms were more
difficult than affirmatives. However, the slowing down in reasoning

produced by the memory preload was roughly constant regardless
of problem difficulty. Analysis of variance showed significant effects
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3. Experiment 11I: Effects of a Concurrent Memory Load

All Ss performed the 32 reasoning problems under each of four
conditions, the order in which the conditions were tested being
determined by a Latin square. In the control condition, a trial began
with a verbal warning signal and the instruction ‘‘say nothing.” The
problem was then presented and solved as quickly and accurately
as possible. The second condition used the articulatory suppression
procedure devised by Murray (1967). Subjects were instructed to say
the word “the” repeatedly, at a rate of between four and five utter-
ances per second. After S had begun to articulate, the problem was
presented, whereupon he continued the articulation task at the same
high rate until he had pressed the “True” or “False” response
button. The third condition followed a procedure adopted by Peter-
son (1969) in which the articulation task consisted of the cyclic
repetition of a familiar sequence of responses, namely the counting
sequence ‘“‘one-two-three-four-five-six.” Again, a rate of four to five
words per second was required. In the fourth condition, § was given
a random six-digit sequence to repeat cyclically at a four- to five-
digit per second rate. In this condition alone, the message to be
articulated was changed from trial to trial. The three articulation
conditions therefore range from the simple repetition of a single
utterance, through the rather more complex articulation invoived
in counting, up to the digit span repetition task, which presumably
make. considerably greater short-term storage demands. Degree of
prior practice and method of presentation were as in Experiment IL.

Table I1I shows the performance of the 12 undergraduate Ss tested
in this study. Concurrent articulation of “the” and counting up to
six produced a slight slowing of reasoning time, but by far the great-
est slowing occurred with concurrent articulation of random digit
sequences. Analysis of variance showed a significant main effect of

TABLE III

Meanw Reasoning Times anp Error RaTes as a FuncTion oF
CONCURRENT ARTICULATORY ACTIVITY

Concurrent Mean reasoning RT  Percent reasoning

articulation (sec) errors
Control 2.79 8.1
“The-The-The ., . ." 3.13 10.6
“One-Two-Three . . . 3.22 5.6
Random 6-digit No. 4.27 10.3
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conditions [F(3,33) = 14.2, P < .01].' Newman-Keuls te:lts rs.::c;t)erg
that the effect was mainly due to the difterence betw.eendt erl ndom
digit condition and the other three..The s.llghtf s};)\élx;lg re(::h I e
suppression-only and counting conditions just fatie g
Car}fC}iese results suggest that interferfence \\'1{1};;’(::1;3 rt;iszl;:i%;;tzﬁ;
entirely to be explained in terms of competit . culatoly
' ‘hich may be committed to the rapid p.roduc.non o
Tzzsitrzr:a ‘;:qcuenceyof responses with relatively llttletm;)ialtrﬁzesl;:o:)tf_
g ey lond, with ihmportinlt){?tc;o(:f iggfsr:ho(;t—term storage
term memory load, with the availa ility s e oessen aoe
capacity determining the rate at Wh\lCh the re;T? Oke oceses are
ried out. Since difficult problems presumably maxe 3 —
flj;:g?on these processes, one might expect that morg ?lfgCLi]}itoEE(;b?
lems would show a greater eftect of concurrent sto'rag.e oak‘.ndso N
shows the mean reasoning times tor pryoblems Of;arIOlliailrd .1;)72),
typically the case with such tasks (Wason & ]o nsseor:ltences ’[1:(1,11)
passive sentences proved more difficult than activ el pences L e
— 55.2, P < .01}, and negatives were more difficult tha rmatives
[F(1,11) = 38.5, P < .01]. In addition to the main €
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current activity, activity interacted with sentence voice [F(3,33) =
5.59, P < .01] and with negativity [F(3,33) = 5.29, P < .01]. Figure 2
shows that these interactions were due largely to performance in the
random digit condition. Additional storage load seems to have slowed
down solution times to passives more than actives and to negatives
more than affirmatives. Thus the greater the problem difficulty, the
greater the effect of an additional short-term storage load.

In summary, it has been shown that additional STM loads of
more than two items can impair the rate at which reasoning is car-
ried out. Loads of six items can produce sizable interference, but
the effect may depend on the instructional emphasis given to Ss
(Experiment II). The interference effects may be partly due to the
articulatory activity associated with rehearsal of the memory items,
but there is a substantial amount of interference over and above this
which 1s presumably due to storage load (Experiment III). The
trade-off between reasoning speed and additional storage load sug-
gests that the interference occurs within a limited capacity “work-
space,” which can be flexibly allocated either to storage or to proc-
essing.

"The effect of articulatory suppression in Experiment 111 was small
and did not reach statistical significance. However, Hammerton
(1969) has reported evidence that suppression can produce reliable
interference in this task. His Ss repeated the familiar sentence “Mary
had a little lamb” while carrying out the Baddeley reasoning task.
Performance was impaired when contrasted with a control group
who said nothing when reasoning. This result together with those
of Peterson (1969) suggests that reasoning may resemble the memory
span task in having an articulatory component. Experiment IV ex-
plores the relation between the memory span and working memory
turther by taking a major feature of the verbal memory span, namely
its susceptibility to the effects of phonemic similarity, and testing for
similar effects in the verbal reasoning task.

4. Experiment IV: Phonemic Similarity and Verbal Reasoning

One of the more striking features of the memory span for verbal
materials is its apparent reliance on phonemic (either acoustic or
articulatory) coding. This is revealed both by the nature of intrusion
errors (Conrad, 1962; Sperling, 1963) and by the impairment in per-
formance shown when sequences of phonemically similar items are
recalled (Baddeley, 1966b; Conrad & Hull, 1964). As Wickelgren
(1965) has shown, phonemic similarity has its disruptive effect prin-
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. . . .
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O - .
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, 1 alt wi
'S W ;ith one letter set an
oraduate Ss were tested, half wi on ‘ | ith 11e
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of the four types of problems. Problems wereiprmted on s eedi,tionS
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TABLE IV

Mean NUMBER  OF REASONING PROBLEMS CORRECT[.:’:
SoLvEp IN THREE MINUTES As A FUNCTION or PHONEMI
AND VISUAL SIMILARITY OF THE LETTERS
Usep IN THE PROBLEMS

Phonemic similarity of letters

Low High
) s Low 43.2 40.9
Visual similarity of letters ot 429 19.8
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coded information, and, although the effect is small, it is highly
consistent across Ss.

In summary then, verbal reasoning shows effects of concurrent
storage load, of articulatory suppression, and of phonemic similarity.
This pattern of results is just what would be expected if the task
depended on the use of a short-term store having the characteristics
typically shown in the memory span paradigm. However, the magni-
tude of the effects suggest that the system responsible for the memory
span is only part of working memory. We shall return to this point
after considering the evidence for the role of working memory in
prose comprehension and learning.

B. COMPREHENSION AND WORKING MEMORY

While it has frequently been asserted that STS plays a crucial
role in the comprehension of spoken language (e.g., Baddeley &
Patterson, 1971: Norman, 1972), the evidence for such a claim is
sparse. There is, of course, abundant evidence that language ma-
terial may be held in STM (Jarvella, 1971; Sachs, 1967) but we know
of no evidence to suggest that such storage is an essential function of
comprehension under normal circumstances, and n view of the lack
of any obvious defect in comprehension shown by patients with
grossly defective STS (Shallice & Warrington, 1970), the importance
of STS in comprehension remains to be demonstrated. Experiments

V and VI attempt to do so using the memory preload and the con-
current memory load techniques.

1. Experiment V: Effects of a Memory Preload on
Comprehension

In this experiment, S listened to spoken prose passages under each
of two memory load conditions and was subsequently tested for re-
tention of the passages. In the experimental condition, each sentence
of the passage was preceded by a sequence of six digits spoken at a
rate of one item per second. After listening to the sentence, S at-
tempted to write down the digit sequence in the correct order in
time to a metronome beating at a one-second rate. Hence S was re-
quired to retain the digit sequence while listening to the sentence.
In the control condition the digit sequence followed the sentence
and was recalled immediately afterward. Thus both conditions in-
volved the same amount of overt activity, but only in the experi-
mental condition was there a temporal overlap between the retention
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of the digits and sentence presentation. In both con_dmons the 1m-
1 1g1 ;W hasized. After each
portance of recalling the digits accurately was emp T
passage, S was allowed three minutes to complete a reca tbased
on the Cloze technique (Taylor, 1953). Test sbeetsﬁfc&nyord >
typed script of each of the passages, from \x’thh ﬂfryyro wo»rds e
been deleted. The passages con;glr;)fid al\pprok?ilcr;latge zvasl ) o t(;
ence there were about : anks which . ,
2tlilydt(k)1 fll with the deleted word. This technique has bse‘n shrz:;sul;)ef
Rubenstein and Aborn (1958) to be a reasonably senslvuve. casure
of prose retention. Three different types of paszage wereenltr:c nded
in the experiment: descriptions, narratives, an .argusr;ae; .in .
examples of each type (;vere contstrlé(;ec;;gcll\qur;% ;(l)xsfiv»asotes[ed On,
h of which contained ten sentences. t 30 5¢ _
f2312111C six passages, comprising one experimental apd onev C(emtt;)tlegoinn
dition for each of the three passage types. Sub)ec(tis w ez» e
two separate groups, each receiving a difterent orderiig
a
Pa?;z%elsé V shows the mean number Qf'correctly comgliltet(}ll brlslelzli(ri
for the control and experimental conditions together wvlt nzitions
number of digit sequences correctly reported in the t\sr(éhce(;ISion tes.t
The digi preoad impaived pertoritl O L ot fo e
types of passage. Liler g o
fioerscililpttil;rnese@y?: 2.8l,pP <D .01, Wilcoxon test) aid 1tl11§ r;)ar;au()\;z)s.
(Z = 991, P < .01), but not for the argumep@ (z =1 b hd.d )
formance is impaired when digits have to be

Thus, test per it o
g he passage. Digit recall scores we

store during presentation of t

TABLE V

HEN A Dicit REecALL SCORES WITH AND WITHOUT DDITIONAL
(COMPRE NSION AN iG L S N A T
ED D

MEeMORY LoaD FOR Turee Types OF PASSAGE

Type Memory
load o ,
aszfagc condition ~ Comprehension score* Digit recall score
p
11.8
Description No load 16.8 I
Load 13.3 1144
Narrative No load 20.1 7.8
Load 18.0 11.4
Argument No load 14.5 8.1
Load 13.6 .

s Mean no. of blanks correctly filled in—max = 33 o
» Mean no. of digit strings correctly reported—max =
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also poorest in the experimental condition, but this was, of course,
to be expected in view of the long filled retention interval in this
condition.

While the results can be interpreted as showing that compre-
hension is impaired by an additional short-term storage load, this
conclusion is not unchallengeable. Firstly, the Cloze procedure is
probably a test of prompted verbatim recall and may not measure
comprehension. Secondly, the control condition of the experiment
may not have been entirely satisfactory. 1f the time between sen-
tences is important for comprehension of the meaning of the passage
as a whole, the control group itself may have suffered from an ap-
preciable amount of interference. The next experiment goes some
way to overcoming both these objections, using the concurrent mem-
ory load procedure instead of the preload technique.

2. Experiment VI: Effects of a Concurrent Memory Load on

Comprehension

This experiment compared the effects of three levels of concurrent
storage load on prose comprehension. In all three conditions, the
memory items were presented visually at a rate of one per second
using a TV monitor. The concurrent memory load tasks were as
follows. In the three-digit load condition, S was always presented
with sequences of three digits, each sequence being followed by a
2.second blank interval during which § attempted to recall and write
down the three digits he had just seen. In the six-digit condition,
the sequences all comprised six items and were followed by a 4-second
blank interval. Again S was instructed not to recall the digits until
the sequence had been removed. Time intervals were chosen so as
to keep $ busy with the digit memory task, and were also such that
all conditions would require input and output of the same total
number of digits. In the control condition, § was presented with se-
quences of three and six digits in alternation. After each three-digit
list there was a 2-second blank interval, and after each six-digit list
the blank interval was 4 seconds. In this case, however, S was simply
required to copy down the digits while they were being presented.
It was hoped that this task would require the minimal memory
load consistent with the demand of keeping the amount of digit
writing constant across conditions. The main difference between the
three conditions was, therefore. the number of digits which S was
required to store simultaneously. Instructions emphasized the im-
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portance of accuracy on all three digit' tasks, and an invigilator
checked that Ss were obeying the ins.tructlons. ol

Comprehension was tested using six passages taken from the l\sa e
Analysis of Reading Ability (Neale, 1958). Two passages (t osef
suited for 12- and 13-year-old children) were self:’cted from §ach 0
the three parallel test forms. Each passage corI_lprlsed approx1mately
120 words and was tested by eight standardized questions. These
have the advantage of testing Comprehel}sion of the passage wuvhout
using the specific words used in the orlgmal presentation. They cag,
therefore, be regarded as testing retention of the gist of the passage
rather than verbatim recall. Answers were given a score of one if
correct, half if judged almost correct, and zero o.therww.e_ At the
start of each trial, the experimenter an11()L1n§ed which version of the'
digit task was to be presented before testing began. After a fe\z1
seconds of the digit processing task, the ejxpenmenter began to rea1
out the prose passage at a normal reading rate and with norma
intonation. At the end of the passage, the digit tas.k was abapdoned
and the experimenter read out the Cgmprehensmn questions. A
total of 15 undergraduates were tested in three equal-sized groupi,
in a design which allowed each passage to be tested once under each
of the three memory load conditions. N

The mean comprehension scores for the three? cpndmons are
shown in Table V1. The Friedman test showe_d significant overall
effects of memory load (x.® = 7.8, P < .03). Wilcoxon test showed
that the six-digit memory load produced lower comprehenysn scores
than either the control condition (7 = 19, N = 14: P < .05), or the
three-digit condition (T = 195, N = 15 P < .05). There was no
reliable difference between the three-digit load and cpntrpl concp-
tions (T = 445, N = 14, P> .05). Thus, comprel?ensmn 1S r;olt) '16-
Jiably affected by a three-item memory lgad, but 1s Flepressec yéx
six-item load, a pattern of results which 1s very similar to that ob-
served with the verbal reasoning task.

TABLE VI

.

3 102 NT

MpeaNn COMPREHENSION SCORES AS A FUNCTION OF Size oF (CCONCURREN
NMemory Loap

NMemory load

Control -
(1-digit) 3-digit 6-digit

4.8
Mean comprehension score (max = 8) 5.9 5.6
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While Experiments IV and V present prima facie evidence for the
role of working memory in comprehension, it could be argued that
we have tested retention rather than comprehension. From what
little we know of the process of comprehension, it seems likely that
understanding and remembering are very closely related. It is, how-
ever, clearly desirable that this work should be extended and an
attempt made to separate the factors of comprehension and retention
before any final conclusions are drawn.

If comprehension makes use of STM, it should be possible to
impair performance on comprehension tasks by introducing pho-
nemic similarity into the test material. 'T'o test this hypothesis using
the prose comprehension task of the previous experiment would
have involved the difficult task of producing passages of phonemi-
cally similar words. We chose instead to study the comprehension of
single sentences, since the generation of sentences containing a high
proportion of phonemically similar words seemed likely to prove

less demanding than that of producing a whole passage of such
material.

3. Experiment VII: Phonemic Similarity and Senlence
Com[)rehension

The task used in this experiment required S to judge whether a
single sentence was impossible or possible. Possible sentences were
both grammatical and meaningful, while impossible sentences were
both ungrammatical and relatively meaningless. Impossible sentences
were derived from their possible counterparts by reversing the order
of two adjacent words near the middle of the possible sentence. Two
sets of possible sentences were constructed, one comprising pho-
nemically dissimilar words and the other one containing a high pro-
portion of phonemically similar words. An example of each type of
possible sentence together with its derived impossible sentence is
shown in Table VIL In order to equate the materials as closely as

TABLE VII

EXAMPLES OF THE SENTENCES USED IN EXPERIMENT VIII

Possible version Impossible version
Phonemically dissimilar Dark skimlqed Tan Dark skinned Ian
thought Harry ate in bed Harry thought ate in bed
Phoncmically similar Red headed Ned said Ted Red headed Ned Ted said
fed in bed fed in bed
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possible, each phonemically similar sentence was matched WIttl;c;
phonemically dissimilar sentence for number of wor.ds, gramm{aeS "
form, and general semantic content. T.here were nine exlz;)rln[? o
each of the four conditions (phonemically s_ln}lla}r possi .bel, p 0d
nemically similar impossible; phonen.ngall); dissimilar 9055;1 e, an
phonemically dissimilar impossible), giving $6 sentences 1n all. .
Each sentence was typed on a white lr}dex card and was ezpofste
to S by the opening of a shutter approxm)a‘tely hglf a secor.l1 gah:;
a verbal warning signal. The sentence remained visible until - e
responded by pressing one of two response keys. Instru‘ctslvons sért;s/ere
both speed and accuracy. Twenty students .served als ;)Gartlest ere
given ten practice sentences before proceeding to the
tences which were presented in random prder. variance
Since reading speed was a potentially important source o varlad f
18 of the 20 Ss were asked to read the sentences aloud at the ;fr; o}
the experiment and their reading times were recorded. The amse?(—)
tences were gTouped into four sets of _mne, each set co'rre(sipon ggour
one of the four experimental conditions and were type ﬁnt(t)s our
separate sheets of paper. The order of presenting the s eed phas
randomized across Ss, and the time to read each was measure y
StO’II)’Zgltgh\./III shows mean reaction times for each of Fhe four tylpes
of sentence, together with reading rate for.each condlt_lon. Iftols cbgz:}:
that phonemic similarity increased the ]udgilent tm(;fi*s threre o
possible and impossible sentences [F(L9) = 48././, P <. 1], o
ine no interaction between the effects of similarity an(EgT;m:lr;lmic
cality [F(1,9) < 1]. An interaction betwee? the eﬁggtls o fae(:ts me
similarity and sentence type [F(8,152) = 4,38, P < .001] Su%o s that
the effect does not characterize all the sentences presented. 1nsp

TABLE VIII

REsuLTS OF EXPERIMENT VIII

Mean RT for judgment of Mean reading time

“possibility” (sec) (sec)
Sentence Possible Impossible PossiAblc Impo&‘ﬂble swerage
type version version Average version version {
Phonemically . i 15 206
dissimilar 2.84 2.62 2.73 . .
Phonemically 208
similar 3.03 2.83 2.93 2.96 3.19
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tion of the three sentence sets out of nine which show no similarity
effect suggests that this is probably because the dissimilar sentences
in these sets contained either longer or less frequent words than
their phonemically similar counterparts. Clearly, future experiments
should control word length and frequency.

Reading times did not vary appreciably with phonemic similarity
[F(1,12) < 1]. It is, therefore, clear that phonemic similarity inter-
fered with the additional processing over and above that involved
in reading, required to make the possible/impossible judgment. As
Table VIII suggests, although impossible sentences took longer to
read than possible sentences [F(1,12) = 41.6, P < .001], they were
judged more rapidly [F(1,19) = 17.3, P < .001]. This contrast sug-
gests that when judging impossible sentences, S was able to make
his judgment as soon as an unlikely word was encountered and did
not have to read the entire sentence.

To summarize the results of this section: first, comprehension of
verbal material is apparently impaired by a concurrent memory load
of six items but is relatively unimpaired by a load of three or less.
Second, it appears that verbal comprehension is susceptible to dis-
ruption by phonemic similarity. It should be noted, however, that
use of the term comprehension has necessarily been somewhat loose;
it has been used to refer to the retention of the meaning of prose
passages on the one hand and to the detection of syntactic or se-
mantic “impossibility” on the other. Even with single-sentence ma-
terial, $s can process the information in a number of different ways
depending on the task demands (Green, 1973). It should, therefore.
be clear that the use of the single term “‘comprehension” is not meant
to imply a single underlying process. Nevertheless, it does seem
reasonable to use the term “comprehension” to refer to the class of
activities concerned with the understanding of sentence material.
Tasks studied under this heading do at least appear to be linked by
the common factor of making use of a short-term or working mem-
ory system. As in the case of the verbal reasoning studies this system
appears to be somewhat disrupted by the demands of a near-span
additional memory load and by the presence of phonemic similarity.

It might reasonably be argued that the reasoning task we studied
is essentially a measure of sentence comprehension and that we have,
therefore, explored the role of working memory in only one class
of activity. The next section, therefore, moves away from sentence
material and studies the retention and free recall of lists of unrelated
words. The free recall technique has the additional advantage of
allowing us to study the effects that the variables which appear to
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i i 3 ory in the previous
have influenced the operation of working memory ! Whicfl)l cvions
experiments have on the recency effect, 2 phenomelno which o
the past been regarded as giving a particularly clear mndic
the operation of STS.

C. WORKING MEMORY AND Frefr RECALL
1. Experiment VIII: Memory Preload and Free Recall

This experiment studied the free recall of lists Qf 16 lun(rlel?lfg(i
words under conditions of a zero-, three-, or sxx—dlg:it prg oa t.airmd
preload was presented before the list of words an'd hlad L? tle]:ereend <
throughout input and recall, sin.ce S was only tg'cita e end o
the recall period whether to write the preload 191"1he i mee on
the right- or left-hand side of his response sheet. phe Oé}: iment
had two major aims. The first aim was to study the € evc ° '.np- load
on the LTM component of the free reca_ll task, henc'e.anll go‘—term
indication of the possible role of (xlvorkl:wng'ﬁg?teronfozrlyp;:loa(;ngn o

ino. The second aim was to study the € d ¢
lreeirelrlllclyoeﬁect. Since most current v’iews of STS regard therg(l)gl’:tsfll;?:
and the recency effect as both making c.iemands ona fcoﬂm short
term store, one might expect a dramatic red_uctlon o 1lecet1;1cg when
a preload 1s imposed. Howevei)r, as wa; g;);{ltj;ld?fl{l;elrnme e e
ion, there does appear to be a goo al _
(tiflllgtcharacteristics of EII)'S reveale((ij by [h(lf (élgltds[s)f(;lref;raogzdljg: é;l,;%

- o that it is a serially ordered speech-basec ‘
Ei:grr:sotli}: suggested by 3;16 recency effect in free recall (which ap-
pears to be neither serially ordered nor speech—based), 1 for word

All lists comprised 16 high-frequency words equatci1S S: word
length and presented auditorily at a rate of two .Secgincits pamd ord.
Subjects were given a preload ‘of zero, three, olr SIX aftoer ot
required to recall the words either 1mmed1ate y 1or DA
30 seconds during which subjects] copkllecc’l1 c(i)(:;mmii:tires ir;l) ken at @
one-second rate. In both cases, they na , e

rite down as many words as they could remember, a _
z\hrey were instructeg to write down the preload d[ll(ilr:z ::ntl;]easiitd
or right-hand side of their response sheets. 'In‘struc P
the importance of retaining the preload dlglﬁ§. ¢ factor. and delay

e hem VariedTr?lemory o ?51531:‘;; \lvlér;e presel{ted to both

[ 11 between Ss. The same set O hist ,
ior{n:rel(eﬁiate and delayed recall groups. }Nlthm eacfh gr?tgp lt:rerﬁsrse:(c;
three subgroups across which the assignment O pa}: 10?(1)u s 10
particular levels of preload was balanced. For each group
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Fig. 3. Effects of additional short-term memory load on immediate and delayed
free recall.

trials of the experiment were divided into blocks of three, in which
each load condition occurred once. Subject to this constraint, the
ordering of conditions was random. Twenty-one undergraduates
served in each of the two subgroups. Figure 3 shows the serial posi-
tion curves for recall as a function of size of preload for the imme-
diate and delayed recall conditions. Analysis of variance showed
significant effects due to delay [F(1,40) = 9.85, P < .01], serial posi-
tion [F(15,600) = 494, P < .001], and the delay X serial position
interaction [F(15,600) = 334, P < .001]. These correspond to the
standard finding that delaying free recall abolishes the recency effect.
There were also significant effects due to memory load [F(2,80) =
35.8, P < .001], to the memory load X serial position interaction,
[F(30,1200) = 1.46, P < .05], and to the load X serial position X
delay interaction [F(30,1200) = 1.80, P < 01].

The overall percentage of words recalled declined with increased
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TABLE IX

PERCENTAGES OF WORDs RECALLED IN THE VARIOUS
CONDITIONS OF EXPERIMENT X

Memory load

-
Zero 3-digits 6-digits

Immediate recall 43.9 41.{) ;i%

Delayed recall 35.5 323 )

preload (see Table IX). Comparison bet.\vecn. mearns (L;Slll% thae tll\]lree\z-_
man-Keuls procedure showed that the 1r111pa1r1ne}r11t .uzigc;t rhrec
digit preload was just significant (P < .05) while the 511.‘4— 5 th}; cload
condition was significantly worse than both the contr.g 3;1 e e
digit preload conditions at well beyond the .01 Sl'g?ldlcto o
It is clear from Fig. 3 that thT lg'a? eﬁtect w;l)iiarrftsit;lllcyemﬂuence ne
term component of recall and did not subs
; effect. -
reg;?lcey ﬁerst conclusion from this study is thgt performanife ondtkl;e
secondary memory component of free recall is agv?rzély feunecc[tie(:m O};
a digit preload, with the size of the decrement beiiy lexndina on °
the size of the preload. A somewhat more dramatic ' Como 0;1ent.
apparent absence of a preload effect on 'the -recenc.y f[ihis o
There are, however, at least two classes of inter pretations of e
sult. The first is to conclude that an STM prelgad does not mte-rkina
with the mechanism of the recency effect. This would be a shrlt thz
conclusion, since the “standard’” account of recency assuv.lmis1 tb aused
Jast few items are retrieved from the same store tha.t wou » rz sed
to hold the preload items. To accept this hypothﬁesllls wm‘)enc ' gﬁect
a radical change of view concerning the nature ()(.t e rec he;rse thé
An alternative hypothesis is to assume .that S begins to rde f tile he
preload items at the beginning of the list, and by the e_nh.o e
has succeeded in transferring them into LTS, .freemg is $ o
other tasks. Two lines of evidence support this SL{%gefsu}?n.last er::
there was only a marginal effegt(of ere.loa;l> or%lrlei::asufo_etstse Jast few
‘tems when recall was delayed (see tl1g. o) s sugg —
1p[feload effect diminished as the list pr;)o?;qessedéastiilo?szlz,t;:/:yercla?:izsd
tioned after the experiment, 37 out of 39 55 s e e re.
out some rehearsal of the digits, an'd 2.(» of these S'al dtl?at Cle};rl
hearsed the digits mostly at the beginning .of the \v\or 1st. d,’ lr?g
i to control s, rehearsal strategles prevents our drawing
Z;ll; ;arlxlx?rceon(Zlusions about the influence of preload on the recency

Working Memory 69

effect. The next experiment, therefore, attempts to replicate the
present results under better controlled conditions.

Before passing on to the next experiment, however, it is perhaps
worth noting that the delayed recall technique for separating the
long- and short-term components in free recall is the only one of the
range of current techniques which would have revealed this po-
tential artifact. Techniques which base their estimates of the two
components entirely on immediate recall data assume that the L'TS
component for later items in the list can be estimated from per-
formance on the middle items. In our situation, and possibly in
many others, this assumption is clearly not valid.

2. Experiment 1X: Concurrent Memory Load and Free Recall

This experiment again studied the effects of three levels of mem-
ory load on immediate and delayed free recall. In general, procedures
were identical with Experiment VIII, except that the concurrent
load rather than the preload technique was used. This involved the
continuous presentation and test of digit sequences throughout the
presentation of the memory list. In this way, it was hoped to keep
the memory load relatively constant throughout the list and so avoid
the difficulties of interpretation encountered in the previous study.

The concurrent load procedure was similar to that described for
Experiment VI and involved the visual presentation of digit se-
quences. In the six-digit concurrent load condition, sequences ot
six digits were visible for four seconds, followed by a four-second
blank interval during which S was required to recall and write down
the six digits. The three-digit concurrent load condition was similar
except that the three-digit sequences were presented for only two
seconds and followed by a two-second blank interval, while in the
control condition, S saw alternate sequences of three and six digits,
followed, respectively, by gaps of two and four seconds. In this con-
dition, however, he was instructed to copy down the digits as they
appeared. The three conditions were thus equal in amount of writ-
ing required, but differed in the number of digits that had to be
held in memory simultaneously.

The procedure involved switching on the digit display and re-
quiring S to process digits for a few seconds before starting the
auditory presentation of the word list. The point at which the word
list began was varied randomly from trial to trial. This minimized
the chance that a particular component of the digit task (e.g., input

g.
or recall) would be always associated with particular serial positions
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in the word list. After the last word of each list, the visual display
was switched off and Ss immediately abandoned the digit task. In
the immediate recall condition, they were allowed one minute for
written recall of the words, while in the delayed condition they
copied a list of 30 letters read out at a one-second rate before be-
ginning the one-minute recall period.

The design exactly paralleled that used in the previous experi-
ment, with 17 undergraduates being tested in the immediate recall
condition and 17 in the delayed condition. High accuracy on the
digit task was emphasized; each of the three-digit processing pro-
cedures was practiced before beginning the experiment, and behavior
was closely monitored during the experiment to ensure that in-
structions were obeyed.

The immediate and delayed recall serial position curves are shown
in Fig. 4. Because of the scatter in the raw data, scores for adjacent
serial positions have been pooled, except for the last four serial posi-
tions. Analysis of variance indicated a significant overall effect of
memory load [F(2,64) = 4592, P < 01], with mean percentage cor-
rect scores being 31.8, 31.2, and 24.8 for the zero-, three- and six-item
load conditions, respectively. The Newman-Keuls test indicated a
significant difference between the six-digit load condition and both
other conditions (P < on, which did not difter signiﬁcamly between
themselves.

As Fig. 4 suggests, there were highly significant effects of serial
position [F(15,480) = 707, P < .01}, of delay [F(1,32) = 26.6, P <
.01], and of their interaction [F(15,480) = 991, P < 001}, indi-
cating the standard effect of delay on the recency component. The
analysis showed no evidence of a two-way interaction between mem-
ory load and serial position (F < 1) and very weak evidence for a
three-way interaction among memory load, serial position, and delay
[F(30,960) — 1.%32, P > .10). The general conclusion, therefore, 15
that an additional concurrent memory load, even of six items, does
not significantly alter the standard recency effect.

This conclusion confirms the result of the previous experiment,
but rules out one of the possible interpretations of the earlier data.
With the preload technique, the absence of an effect of load on
recency might have been due to a progressive decline in the “effort”
or “difficulty’” associated with the digit task during input of the
word list. Such an explanation is not appropriate for the present
results since the concurrent Joad procedure ensured that the digit
memory task was carried out right through input of the word lists,
a conclusion which is supported by the continued separation of the
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irfllrf;l?e a(;:?cllasx:(—ldﬁlct llloald co'n.dmons over the last few serial positions
Theits are C}(fmcurr: lcvot;dmon (see Fig. 3). Thus, even though six
w(;rds e concu tlnty eing stored.durlpg the input of the final
ords Of the ) a,ssulr; r;cehncy effect is unimpaired. To account for
(his, 1t must be assy 1e }t at the recency mechanism is independent
trom that involve t[m (tj.le. memory span task. According to most
fully occupied. Sibélcelethelg;izcsgfgf t:;’flzcct)u'ght o keel? e
i, ' 1s commonly supposed
Oisle?l?e(ci)gﬁouthput from this store, the digit span tasyk sh}())ild se:g

y ce the amount of recency observed. It seems, therefore
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that the buffer-storage account of recency is faced with a major
ifficulty. o

dlff(l)cl?r éata suggest then that a concurrent load of ;:X 1ter::s acloic;s1
impair the long-term component of free recall. Furthermor ,dies !
the case of our reasoning task and prose comprehension stu @
load of three items has only 2 margina} effect. These re§ultshare c?ne
sistent with the hypothesis of a working memory,'w:hmkt\1 as soor'
features in common with the memory span task. Smcedt e m;:;inz
load was present only during input of the wgrds and not d Cono_
recall, it is reasonable to conclude Fhat_workmg mem(l)dr%\lI o
cerned with the processes of transferring information to h '.eﬁect
absence of an effect of concurrent storage.load on the.recencg et
suggests that working memory may hZ'iVC httle or nothm%utlcl) (“)n o
the recency effect. This hypothesis 1s discussed mf);e ;/D-ainst c
concluding section of the chapter,iwhen extra ﬂi{ enncealtzrnativC
buffer-storage account of recency 1s presented and 2

interpretation suggested.

3. Experiment X: Speech Coding and Free Recall

In the case of both verbal reasoning and comprehenslon, \s"e (él;

served a similar effect of preload to that shown in Fhe l:;sF t-“(irhis
periments, together with clear evidence o‘f phoxhle'mlcdco i?cgl;latory
was revealed by effects of both acoustic s1m11ar1t.y‘ an ilz;rrit' haory
suppression in the reasoning task, and.by acoustic 51mh : gonemic
in comprehension. There alrefady ex1sltls (%V:S(e\:lc:y t&a\vg)rring[on
- arity may be utilized in free reca :
ilgg?rf;tryuce Sz Crowley, 1970), proYided at 1east. [ha['rt::e pf%l(::l:g-_
cally similar items are grouped during pre.senFauin; iletoeim e
served were positive, but since acgusnc 51m11ar1}y 1’s ] 1710\\ ot [Zhis
recall of order while enhancing item recall '(\\ icke gren', t‘h«n;)tmo
would be expected 1 a free recall task. It 1s perhapsd\\.rozlicatorS Oc%
in connection with the dichotomy between Spali-b%lée 1(111l ators o
STS and evidence based on the recency effect suggest}e1 v)y e b
sults of the last two experiments tbat attempts to s ot\‘\‘ aonemic
recency effect 1s particularly susceptible to Athe (e:ffe.ckts&voL(}:V iR,
similarity have proved uniflormlylgtl’ir:)s)uc;elst;tgllwgh rtakiere ' ag’{mdan,t
oppenaal, & Nelson, 2). hough :
giadrgfé ﬁlai)%s may utilize phonemic similarity 1n long-tef:‘xlloiezrfn;;
ing, this does not present particularly strong er‘v1dencellzer orote
phonemically based working memory, since Ss are clearly
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utilize a very wide range of characteristics of the material to be
learnt, possibly using processes which lie completely outside the
working memory system. The next experiment, therefore, attempts
to examine the role of articulatory coding in long-term learning
more directly using the articulatory suppression technique. It com-
prises one of a series of unpublished studies by Richardson and
Baddeley and examines the effect of concurrently articulating an
irrelevant utterance on free recall for visually and auditorily pre-
sented word sequences.
¢ Lists of ten unrelated high-frequency words were presented at a
rate of two seconds per word either visually, by memory drum, or
auditorily, which involved the experimenter reading out the words
from the memory drum, which was screened from S. A total of 40
lists were used, and during half of these § was required to remain
silent during presentation, while for the other half he was instructed
to whisper “hiya’ [an utterance which Levy (1971) found to produce
effective suppression] at a rate of two utterances per second through-
out the presentation of the word list. Half the Ss articulated for the
first 20 lists and were silent for the last 20, while the other half per-
formed in the reverse order. Manipulation of modality was carried
out according to an AP BA design, with half the Ss receiving visual
as the first and last conditions, and half receiving auditory first and
last. Each block of ten lists was preceded by a practice list in the
appropriate modality and with the same vocalization and recall
conditions. Following each list, $ was instructed to recall immedi-
ately unless the experimenter read out a three-digit number, in
which case he was to count backwards from that number by three’s.
Half the lists in each block of ten were tested immediately and half
after the 20-second delay; in each case § was allowed 40 seconds for
recall. Sixteen undergraduates served as Ss. The major results of
interest are shown in Fig. 5, from which 1t is clear that articulatory
suppression impaired retention [F(1,1185) = 19.6, P < .001]. The
effect is shown particularly clearly with visual presentation and
appears to be at least as marked for the earlier serial positions which
are generally regarded as dependent on LTS, as for the recency com-
ponent. This result is consistent with the suggestion of 2 working
memory operating on phonemically coded information and trans-
ferring it to LTS. It further supports Glanzer’s (1972) conclusion
that the recency effect in free recall does not reflect articulatory
coding and lends further weight to the suggestion that working mem-
ory is probably not responsible for the recency effect.
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III. A Proposed Working Memory System

We have now studied the effect of factors which r.mgh.t‘be sup;
posed to influence a working memory Systert, should 1t exist, a;iozse
a range of cognitive tasks. The present section attempts to SLln\rr\lvhiCh
the results obtained and looks for the type of commo? pz;ltte?;noe "
might suggest the same system was involved across the g
tas’11\”53;ble X summarizes our results so far. We have AStgldle'inth;rf(el
types of task: the verbal reasoning test, 1fmguage comvplehenemha;é <
the free recall of unrelated words. As T‘able X'sho“ s, thes ¢m
all three cases shown a substantial impa1rmen.t in performance \\tl "
an additional memory load of six items was }mposed. In contrasntzll
this, a load of three items appears to 'have little or nol d;cremseitua-
effect, an unexpected finding which is common to all three

tions. In the case of phonemic similarity, we have found the type 0
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TABLE X

SumMMARY OF EXPERIMENTAL REsuLTs (ParRADIGM)

Free recall
Verbal
reasoning ~ Comprehension LTS Recency
Memory load Small
1-3 items  No effect No effect decrement  No effect
6 items Decrement Decrement Decrement No effect
Phonemic
similarity Decrement Decrement Enhancement No effect
Articulatory
suppression Decrement Not studied Decrement No effect

effect that would be expected on the assumption of a working mem-
ory system having characteristics in common with the digit span.
Such effects are reflected in a performance decrement in those tasks
where the retention of order is important (the reasoning and sen-
tence judging tasks), coupled with a positive effect in the free recall
situation for which the recall order is not required. Finally we have
found that articulatory suppression, a technique which is known
to impair digit span (Baddeley & Thomson, unpublished), has a
deleterious effect in the two situations in which we have so far
studied it, namely reasoning and free recall learning.

There appears then to be a consistent pattern of effects across the
three types of task studied, strongly suggesting the operation of a
common system such as the working memory initially proposed.
This system appears to have something in common with the mech-
anism responsible for the digit span, being susceptible to disruption
by a concurrent digit span task, and like the digit span showing
signs of being based at least in part upon phonemic coding. It should
be noted, however, that the degree of disruption observed, even with
a near-span concurrent memory load, was far from massive. This
suggests that although the digit span and working memory overlap,
there appears to be a considerable component of werking memory
which is not taken up by the digit span task. The relatively small
effects of phonemic coding and articulatory suppression reinforce
this view and suggest that the articulatory component may com-
prise only one feature of working memory. Coltheart’s (1972) failure
to find an effect of phonemic similarity on a concept formation task
is, therefore, not particularly surprising.

We would like to suggest that the core of the working memory
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of this component is exceeded, then some of the general-purpose
work space must be devoted to storage, with the result that less space
is available for processing. We shall discuss this possibility in more
detail in the next section.

The final point concerns the factors which control the trade-off
between the amount of work space allocated to two competing tasks.
Results show that instructional empbhasis is at least one determinant.
In Experiment II, for example, Ss for whom the memory task was
emphasized showed a very much greater effect of a six-digit preload
on reasoning time than was shown by a second group who were in-
structed that both tasks were equally important. Evidence for a simi-
lar effect in free recall learning has been presented by Murdock
(1965). He showed that a concurrent card-sorting task interfered with
the long-term component of free recall and that the trade-off between
performance on the two tasks was determined by the particular
payoff specified in the instructions.

B. THE ROLE OF WORKING MEMORY IN THE MEMORY SPAN

We have suggested that the working memory system may contain
both flexible work space and also a component that is dedicated to
storage. This view is illustrated by the following suggested inter-
pretation of the role of working memory in the memory span task.
It is suggested that the memory span depends on both a phonemic
response buffer which is able to store a limited amount of speechlike
material in the appropriate serial order and the flexible component
ot working memory. The phonemic component is relatively passive
and makes few demands on the central processing space, provided
its capacity is not exceeded. The more flexible and executive com-
ponent of the system is responsible for setting up the appropriate
phonemic “‘rehearsal” routines, i.e., of loading up the phonemic
buffer and of retrieving information from the buffer when necessary.
Provided the memory load does not exceed the capacity of the pho-
nemic bufter, little demand is placed upon the central executive,
other than the routine recycling of the presumably familiar sub-
routines necessary for rehearsing digits. When the capacity of the
phonemic buffer is exceeded, then the executive component of work-
ing memory must devote more of its time to the problem of storage.
This probably involves both recoding in such a way as to reduce
the length or complexity of the phonemic subroutine involved in
rehearsal and also devoting more attention to the problem of re-
trieval. It is, for example, probably at this stage that retrieval rules
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the recency effect in free recall is unaffected by the word length,
suggesting once again a clear distinction between factors influencing
the recency effect in free recall and those affecting the memory span.
Watkins (1972) has further observed that word length does not
influence the modality effect, but does impair the long-term com-
ponent of verbal free recall. The former result would tend to sug-
gest that.the precategorical acoustic store on which the modality
effect is generally assumed to rely (Crowder & Morton, 1969) lies
outside the working memory system.

We, therefore, appear to have at least tentative evidence for the
existence of a phonemic buffer, together with techniques such as
articulatory suppression and the manipulation of word length which
hopefully will provide tools for investigating this component in
greater depth. It is possible that this component plays a major role
in determining the occurrence of both acoustic similarity effects in
memory and perhaps also of such speech errors as tongue twisters
and spoonerisms. It seems likely that although it does not form the
central core of working memory the phonemic component will
probably justify considerably more investigation.

The operation of the central component of working memory seems
likely to prove considerably more complex. It seems probable that
it 1s this component that is responsible for the “‘chunking” of ma-
terial which was first pointed out by Miller (1956) and has subse-
queritly been studied in greater detail by Slak (1970), who taught
subjects to recode digit sequences into a letter code which ensured
an alternation between consonants and vowels. This allowed a dra-
matic reduction in the number of phonemes required to encode the
sequence and resulted not only in a marked increase in the digit
span, but also in a clear improvement in the performance of a range
of tasks involving the long-term learning of digit sequences. A similar
recoding procedure, this time based on prior language habits, is
probably responsible for the observed increase in span for letter se-
quences as they approximate more closely to the structure of English
words. This, together with the decreased importance of phonemic
simtlarity, suggests that S is chunking several letters into one speech
sound rather than simply rehearsing the name of the letter (Baddeley,
1971).

During retrieval, the executive component of the working mem-
ory system is probably responsible for interpreting the phonemic
trace; it is probably-ar this level that retrieval rules (Baddeley, 1972)
are applied. These ensure that a trace is interpreted within the con-
straints of the experiment, with the result that s virtually never pro-
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or a "new’ one. Subjects’ performance was compared both while
doing this task alone and while doing a concurrent mental arith-
metic task (e.g., multiplying 27 and 42). Subjects were able to name
the scenes without error in both conditions, but made a number of
errors in deciding whether or not they had seen any given specific
view of that scene; these errors were markedly more frequent in the
mental arithmetic condition, suggesting that the visual recognition
process was competing for limited processing capacity with the arith-
metic task. One obvious interpretation of this result is to suggest
that the central processor which we have assumed forms the core of
working memory in our verbal situations plays a stmilar role in visual
memory, although this time with a separate peripheral memory
component, based on the visual system. What little evidence there
exists, therefore, suggests that the possibility of a single common cen-
tral processor should be investigated further, before assuming com-
pletely separate working memories for different modalities.

D. WORKING MEMORY AND THE Recency EFfFecT IN FREE

REcaLL

A major distinction between the working memory system we pro-
pose and STS (Atkinson & Shiffrin, 1968) centers on the recency
effect in free recall. Most theories of STM assume that retrieval from
a temporary buffer store accounts for the recency effect, whereas our
own results argue against this view. It is suggested that working
memory, which in other respects can be regarded as a modified STS,
does not provide the basis for recency.

Experiment IX studied the effect of a concurrent digit memory
task on the retention of lists of unrelated words. The results showed
that when Ss were concurrently retaining six digits, the LTS com-
ponent of recall was low, but recency was virtually unaffected. Since
six digits is very near the memory span, the STS model would have
to assume that STS is full almost to capacity for an appreciable part
of the time during the learning of the words for free recall. On this
model, both recency and LTS transfer should be lowered by the
additional short-term storage load. As there was no loss of recency,
it seems that an STS account of recency is inappropriate. Instead, it
seems that recency reflects retrieval from a store which is different
from that used for the digit span task. Perhaps the most important
aspect of this interpretation is that the limited memory span and
limited rate of transfer of information to LTS must be regarded as
having a common origin which is different from that of the recency
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efiect. It would be useful to consider briefly what further evidence
there is for this point of view.

E. Tue MEeyORY SPaN, Transrer 10 LTS, anp RECENCY

There is a wide range of variables which appear to affect the mem-
ory span (or short-term serial recall) and the LTS component of free
recall in the same way, but which do not affect the recency com-
ponent of free recall. In addition to the effects of word length and
articulatory suppression which we have already discussed, which
probably reflect the limited storage capacity of the working memory
system or of one of its components, there are a number of variables
which have been shown to affect the second limitation of the STS
system, namely the rate at which it 1s able to transfer information
to LTS. Several sets of experimental results show that the recency
effect is not influenced by factors which interfere with LTS transter.
Murdock (1965), Baddeley, Scott, Drynan, and Smith (1969), and
Bartz and Salehi (1970) have all shown that the LTS component of
free recall is reduced when Ss are required to pertorm a subsidiary
card-sorting task during presentation of the items for free recall. The
effect is roughly proportional to the difficulty of the subsidiary task.
However, there is no effect on the recency component of recall.
Similar results have been reported by Silverstein and Glanzer (1971)
using arithmetic varying in level of difficulty as the subsidiary task.
As most of these authors concluded, the results suggest that there is a
limited capacity systemn mediating LTS registration which 1s not re-
sponsible for the recency effect. On the present hypothesis, the sub-
sidiary task is viewed as interfering with working memory and does
not necessarily, therefore, interfere with recency as well. Hence the
crucial difference in emphasis between the two theories (working
memory-1. TS, and STS-L'TS) is that working memory is supposed to
have both bufferstorage and control-processing functions, with re-
cency explained by a separate mechanism. '

IV. The Nature of the Recency Effect

So far, the most compelling argument for rejecting the buffer-
storage hypothesis for recency has been the data from Experiment
X1, in which a concurrent memory span task did not abolish recency
in free recall. Clearly the argument needs strengthening.

Tzeng (1973) presented words for free recall in such a way that
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solving activity and the last item was followed by a period of ques-
tion-answering, it is difficult to explain this recency effect in terms
of a temporary buffer store.

An experiment by Glanzer (1972) which we have successfully
replicated (Baddeley & Thomson, unpublished) presents further
problems for a simple buffer-store interpretation of the recency
effect. Instead of unrelated words, Glanzer used proverbs as the
material to be recalled. His results showed two striking phenomena:
first, the recency effect extended over the last few proverbs rather
than the last few words; and second, a filled delay reduced, but by
no means eliminated, the marked recency effect observed. The ex-
tent of recency, therefore, seems to be defined in terms of “semantic
units” rather than words. This is not, of course, incompatible with
a buffer-storage account, although in this experiment, a good deal
of semantic processing would presumably have to occur before entry
of a proverb into this buffer. The assumption of a more central store
does have the additional advantage of “explaining” the durable re-
cency effect observed in this study, in terms of the suggestion by
Craik and Lockhart (1972) that greater depth of processing is as-
sociated with greater durability. However, it 1s clearly the case that
such a depth of processing is by no means essential to the recency
effect. Indeed, the effect appears to be completely unaffected by
factors such as presentation rate (Glanzer & Cunitz, 1966), concurrent
processing load (Murdock, 1965), and type of material (Glanzer,
1972), all of which would be expected to have a pronounced in-
fluence on depth of processing.

A more promising alternative explanation of recency might be to
elaborate the proposal made by Tulving (1968) that recency reflects
the operation of a retrieval strategy, rather than the output of a
specific store. Provided one assumes that ordinal recency may be one
accessible feature of a memory trace, then it is plausible to assume
that Ss may frequently access items on the basis of this cue. The
limited size of the recency effect, suggesting that recency is only an
effective cue for the last few items, might reasonably be attributed
to limitations on the discriminability of recency cues. One might as-
sume, following Weber's Law, that with the newest item as a refer-
ence point, discriminability of ordinal position ought to decrease
with increasing “‘oldness.” The advantage of assuming an ordinal
retrieval strategy of this kind is that it can presumably be applied
to any available store and possibly also to any subset of items within
that store, provided the subset can be adequately categorized. Thus,
when an interpolated activity is classed in the same category as the
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lgarned. items, the interpolated events will be stored in the same
dimension as the to-be-remembered items and will hence supersede
them as the most recent events. When the interpolated activity is
classed in a different category from the learned items, recency will
be unaffected. This presumably occurred in the case of proverbs and
the anagram solutions. It also seems intuitively plausible to assume
that a similar type of recency is reflected in one’s own memory for
clearly specified classes of events, for example, football games, parties,
or megls at restaurants, all of which introspectively at least appear
to exhibit their own recency effect. It is clearly necessary to attempt
to collect more objective information on this point, however.

. The preceding account of recency is highly tentative, and although
it does possess the advantage of being able to deal with evidence
which. presents considerable difficulties for the bufter-store inter-
pretation, it does leave two very basic questions unanswered. The
first of.these concerns the question of what factors influence the
cgtegorlzation of different types of events; it seems intuitively un-
likely that backward-counting activity should be categorized in the
same way for example as visually presented words, and yet counting
effectively destroys the recency effect in this situation. This is, of
course, a difficult problem, but it is no less a problem for the buffer-
store interpretation which must also account for the discrepancy
between Tzeng’s results and the standard effect of a filled delay on
recency.

The second basic question is that of how ordinal recency is stored,
whether in terms of trace-strength, in terms of ordinal “tags” of
sorne kind, or in some as yet unspecified way. Once again, this prob-
¥er¥1 is not peculiar to the retrieval cue interpretation of recency;
it is clearly the case that we are able to access ordinal information
in some way. How we do this, and whether ordinal cues can be
used to retrieve other information, is an empirical question which
remains unanswered.

V. Concluding Remarks

We would like to suggest that we have presented prima facie
evidence for the existence of a working memory system which plays
a central role in human information processing. The system we
propose 1s very much in the spirit of similar proposals by such
authors as Posner and Rossman (1965) and Atkinson and Shiffrin
(1971). However, whereas earlier work concentrated principally on
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the memory system per se, with the result that the implications of
the system for nonmemory tasks were largely speculative, our own
work has been focused on the information processing tasks rather
than the system itself. As a consequence of this, we have had‘ to
change our views of both working memory and of the explanation
of certain STM phenomena. .

To sum up, we have tried to make a case for postulating the work-
ing memory-L'TS system as a modification of the current STS-LTS
view. We would like to suggest that working memory represents a
control system with limits on both its storage and processing capa-
bilities. We suggest that it has access to phonemically code_d 1'nfor»
mation (possibly by controlling a rehearsal buffer), that it 1s re-
sponsible for the limited memory span, but dogs not uqderly t'he
recency effect in free recall. Perhaps the most specific function which
has so far been identified with working memory is the transfer of
information to L.TS. We have not yet explored its role in retrieval,
so that the implications of Patterson’s (1971) results for the nature
of working memory are still unclear. Our experiments suggest that
the phonemic rehearsal buffer plays a limited role in this process,
but is by no means essential. The patient K.F., v_vhom Sbalhce and
Warrington (1970) showed to have grossly impaired digit span to-
gether with normal long-term learning ability, presents great d'lm—
culty for the current LTS-STS view, since despl.te his defective STS,
his long-term learning ability 1s unimpaired. His case can, however,
be handled quite easily by the view of working memory proposed,
if it is assumed that only the phonemic rehearsal-buffer component
of his working memory is impaired, while the central executive com-
ponent is intact. Our experiments also suggest that worlupg memory
plays a part in verbal reasoning and in prose comprehenmon. Under-
standing the detailed role of working memory in th.ese tasks, how-
ever, must proceed hand-in-hand with an understanding of the tasks
themselves. 4

We began with a very simple question: what s shor't-term mem-
ory for? We hope that our preliminary attempts to begin answering
the question will convince the reader, not necessarily that our views
are correct, but that the question was and is well worth asking.
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